Cyclooxygenase-2 (COX-2) overexpression caused prolonged G 2 arrest after exposure to ionizing radiation (IR) in our previous study. We were therefore interested in investigating the function of COX-2 in the G 2 checkpoint pathway. Interestingly, we found that cells in which COX-2 is overexpressed showed up-regulated ataxia telangiectasia and Rad3 related (ATR) expression compared with control cells. In this study, we investigated the mechanism of ATR up-regulation by COX-2 and tested our hypothesis that COX-2-induced extracellular signal-regulated kinase (ERK) activation mediates up-regulation of ATR by COX-2. To investigate the relationship between COX-2 and ATR, we used two stable COX-2-overexpressing cancer cell lines (HCT116-COX-2 and H460-COX-2), a COX-2 knockdown A549 lung cancer cell line (AS), and an ATR knockdown HCT116 cell line. Cells were treated with various drugs [celecoxib, prostaglandin E 2 (PGE 2 ), PD98059, U0126, and hydroxyurea] and were then analyzed using reverse transcription-PCR, confocal microscopy, Western blotting, and clonogenic assay. COX-2-overexpressing cells were shown to have increased ERK phosphorylation and ATR expression compared with control cells, whereas AS cells were shown to have decreased levels of phospho-ERK and ATR. In addition, exogenously administered PGE 2 increased ERK phosphorylation. Inhibition of ERK phosphorylation decreased ATR expression in both HCT116-COX-2 and A549 cells. HCT116-COX-2 cells were resistant to IR or hydroxyurea compared with HCT116-Mock cells, whereas administration of ATR shRNA showed the opposite effect. COX-2 stimulates ERK phosphorylation via PGE 2 . This COX-2-induced ERK activation seems to increase ATR expression and activity in endogenous COX-2-overexpressing cancer cells as well as in COX-2-overexpressing stable cell
Introduction
Monitoring heritable genetic errors is critical for maintaining genomic integrity (1) (2) (3) . Organisms can be exposed to many environmental genotoxic stresses, such as UV light, ionizing radiation (IR), and reactive chemicals, which can cause damage to the genome (4) . All eukaryotes have developed devices that can detect DNA damage and transmit signals to downstream effectors to repair the damage or trigger apoptosis in cells with damaged DNA (2, 3) . A number of cancer cells have one or more defects in DNA damage response pathways, and this fact indicates that DNA damage response pathways play important roles in limiting cancer development (1) . In eukaryotes, ataxiatelangiectasia mutated (ATM) and ataxia telangiectasia and Rad3 related (ATR) are essential for many DNA damage responses (1) (2) (3) 5) . ATM and ATR belong to phosphoinositol 3-kinase-related kinases. They are cell cycle checkpoint kinases; in their active form, they inhibit the transition of cells with damaged DNA from G 2 into the mitotic (M) phase. They have sequential/structural homology and share the same substrates for specific DNA damage repair pathways (6) (7) (8) (9) . Although ATM and ATR cross talk, they respond differently to genotoxic stresses. When DNA is damaged, the ATM/checkpoint kinase 2 (Chk2) pathway is activated at an early time point, whereas activation of the ATR/Chk1 pathway occurs at a later stage (10, 11) . ATM/Chk2 responds primarily to DNA double strand breaks, whereas ATR/Chk1 is activated by DNA replication fork stalling and bulky DNA lesions (2, 3, 5, 6, 11) . The deletion of the ATR gene causes early embryonic lethality in mice, and the mutation of this gene results in Seckel syndrome, which is characterized by a defective DNA damage response (10) (11) (12) . Loss of ATR function also inhibits phosphorylation of downstream effectors such as p53 and Chk1 and leads to apoptosis (6, 13) . These facts indicate that ATR is essential for cell survival, development, and DNA damage response pathways (10, 11) .
Cyclooxygenase (COX) is an enzyme that catalyzes the conversion of arachidonic acid to prostaglandins. COXs have two isoenzymes, COX-1 and COX-2, and are located in the endoplasmic reticulum (ER) and inner/outer nuclear envelope membrane. COX-1 is constitutively expressed and detected in most human tissues. In contrast, COX-2 is transiently induced by various stimuli and is involved in complex carcinogenic processes, such as transformation, angiogenesis, inflammation, invasion, and metastasis, by generating prostaglandin E 2 (PGE 2 ) or by inducing the expression of various angiogenic factors (14, 15) . In addition, PGE 2 stimulates cell proliferation through the activation of extracellular signal-regulated kinase (ERK), which can result in cancer development (16) (17) (18) (19) . For these reasons, COX-2-specific inhibitors, including celecoxib, have been used in cancer cells to inhibit PGE 2 generation and thereby to suppress their proliferation (20) . Celecoxib can also induce cell cycle arrest, apoptosis, or ERK activation through a COX-2-independent mode (21, 22) . These facts indicate that celecoxib acts through COX-2-dependent and COX-2-independent pathways (23) (24) (25) (26) .
ERK is associated with various cellular complex processes such as cell survival, proliferation, gene expression, and migration (16, 18, 27) . Several studies have suggested that DNAdamaging stimuli such as UV light, hydroxyurea, and IR induce ERK activation and result in G 2 -M arrest (23, 27, 28) . In addition, when cells are exposed to DNA damage-inducing agents, ERK inhibition decreases ATR activity and results in B. HCT116-Mock and HCT116-COX-2 cells were stained with ATR and COX-2-specific antibodies, and the images were taken with confocal microscopy as described Materials and Methods. C.
Transcription levels of COX-2 and ATR were analyzed using RT-PCR in normal HCT116-Mock and HCT116-COX-2 cells (top) or HCT116-COX-2 cells treated without or with 50 μmol/L celecoxib for 4 h (bottom). COX-2, ATR, and β-actin were analyzed by Western blotting in A549 and MOR-P (D), and AN (control) and AS (COX-2 knockdown A549 cells) stable cells (E). All measurements were done at least in triplicate.
decreasing Chk1 activation and repression of G 2 -M arrest (23) . Taken together, these facts suggest that ERK activation may play a key role in the regulation of the ATR/Chk1-dependent G 2 -M checkpoint in cells with damaged DNA.
In our previous study, we found that COX-2 overexpression caused prolonged G 2 arrest after exposure to IR and suggested that COX-2 may contribute to the regulation of the G 2 checkpoint (29) . Therefore, we have been interested in discovering and characterizing target molecules of COX-2 in the G 2 checkpoint pathway. Interestingly, among several molecules differentially regulated by COX-2, we found that COX-2-overexpressing cells always have up-regulated ATR expression compared with controls. Therefore, we investigated how COX-2 up-regulates ATR expression in the absence of DNA damage and whether the elevated ATR can protect cells from DNA-damaging stimuli.
In this study, we report that overexpressed COX-2 activates ERK via PGE 2 and the activated ERK, not DNA damage response, enhances ATR kinase expression and activity in COX-2-overexpressing cancer cells.
Results

Up-Regulation of ATR Expression by COX-2
We developed two stable COX-2-overexpressing cancer cell lines (HCT116-COX-2 and H460-COX-2) and a COX-2 knockdown A549 human lung adenocarcinoma cell line (AS) as described in Materials and Methods. Among the molecules that are involved in the G 2 checkpoint, we searched the ones differentially regulated by COX-2 using HCT116-Mock versus HCT116-COX-2 cells, and AN versus AS cells.
Among tested molecules involved in the G 2 checkpoint, 1 we found that HCT116-COX-2 and H460-COX-2 cells showed up-regulated ATR expression compared with control cells (HCT116-Mock and H460-Mock) using Western blot analysis and confocal microscopy ( Fig. 1A and B) . To understand the mechanism of COX-2-induced ATR overexpression, we performed reverse transcription-PCR (RT-PCR) using total RNA extracted from untreated or celecoxib-treated HCT116-Mock and HCT116-COX-2 cells. We found that COX-2 increased ATR transcription but celecoxib inhibited it (Fig. 1C) . To determine the COX-2 dependency of ATR expression in other cells, we investigated whether COX-2 regulates ATR expression in A549 and MOR-P lung cancer cells. Both A549 and MOR-P cells show high expression levels of endogenous COX-2, and the levels of COX-2 and ATR expression in MOR-P were higher than those in A549 cells (Fig. 1D ). In addition, AS cells showed significantly decreased ATR expression compared with AN control cells (Fig. 1E) . These results suggest that COX-2 may be involved in regulation of ATR expression.
Next, we examined whether ATR up-regulation in HCT116-COX-2 cells is the result of a transcriptional activation or an increase in ATR mRNA stability. HCT116-Mock and HCT116-COX-2 cells were treated with actinomycin D for the indicated times (0, 2, and 4 hours) to inhibit transcription and then the degradation rate of ATR mRNA was analyzed by RT-PCR. The degradation rate of ATR mRNA in HCT116-COX-2 cells was similar to HCT116-Mock cells (Supplementary Fig. S1 ). This result indicates that COX-2-induced ATR up-regulation is not caused by an increase of mRNA stability. In conclusion, COX-2 seems to increase ATR expression by activating ATR transcription.
COX-2 Induces ERK Activation
Recently, several articles have reported that activated ERK regulates ATR activity (27, 28, 30) . Although these findings are 1 Unpublished data. on the ERK regulation of ATR activity and not on ATR expression, we examined whether ERK is involved in COX-2-induced ATR expression. Interestingly, HCT116-COX-2 and H460-COX-2 cells showed increased ERK phosphorylation compared with their control cells ( Fig. 2A) . ERK phosphorylation increased proportionally to COX-2 expression in A549 and MOR-P cells (Fig. 2B) . In contrast, AS cells showed decreased ERK phosphorylation compared with AN cells (Fig. 2C) . These results suggest that COX-2 may regulate ERK activity at the upstream position and propose the possibility that COX-2 may induce ERK activation and result in increased ATR expression.
COX-2 Regulates ERK Activation via PGE 2
Next, we studied how COX-2 induces ERK activation. To investigate whether PGE 2 , a major end product of COX-2, is associated with ERK activation, cells were treated with 500 nmol/L PGE 2 . A concentration of 500 nmol/L PGE 2 is equivalent to the maximum inducible concentration in A549 cells, which have higher expression levels of COX-2 compared with those of HCT116 cells, and this amount, although sufficient to exert a considerable effect, does not exceed its physiologic range (29) .
HCT116-Mock and HCT116-COX-2 cells were treated with PGE 2 for the indicated times (0, 4, 8, and 24 hours), and then ERK phosphorylation and ATR expression were analyzed. PGE 2 treatment increased ERK phosphorylation in HCT116-Mock cells, although the level of phosphorylated ERK achieved in HCT116-Mock cells after PGE 2 treatment did not reach that of HCT116-COX-2 cells without PGE 2 treatment (Fig. 3A) . ATR expression was increased by PGE 2 administration in both HCT116-Mock and HCT116-COX-2 cells. The amount of ATR increase in HCT116-Mock cells at 24 hours after PGE 2 treatment was equivalent to that of HCT116-COX-2 cells at 0 h without PGE 2 treatment (Fig. 3A) . These results suggest that PGE 2 may be responsible for ERK activation and increased ATR expression in COX-2-overexpressing HCT116 cells.
When PGE 2 was administered in A549 and MOR-P cells, which are cell lines that constitutively express high levels of COX-2, the pattern of ERK activation was similar to that seen in HCT116 cells. PGE 2 also increased ERK phosphorylation in both cell lines and the level of ATR expression followed the pattern of ERK phosphorylation at earlier time points (4 and 8 hours), although ATR expression did not decline in MOR-P cells at 24 hours when ERK phosphorylation decreased (Fig. 3B ). Taken together, COX-2 seems to induce ERK activation via PGE 2 in COX-2-overexpressing cells.
We further investigated whether PGE 2 increases ATR transcription. After HCT116-Mock and A549 cells were treated with PGE 2 , ATR mRNA levels were analyzed by RT-PCR. Figure 3C shows that PGE 2 increased ATR transcription in both tested cell lines.
Based on these results, we suggest that COX-2-induced PGE 2 stimulates ERK phosphorylation and activated ERK governs ATR expression in COX-2-overexpressing cancer cell lines.
COX-2-Induced ERK Activation Regulates ATR Expression
To confirm whether COX-2-induced ERK activation up-regulates ATR expression, HCT116-Mock and HCT116-COX-2 cells were treated with PD98059 at various concentrations (0, 25, 50, and 100 μmol/L) for 8 hours at 37°C. ERK phosphorylation was significantly inhibited by 100 μmol/L PD98059 in these cells (Fig. 4A ). Based on this result, cells were subsequently treated with 100 μmol/L PD98059 for the indicated times (0, 4, 8, and 24 hours) at 37°C. ERK phosphorylation was inhibited from 4 hours after PD98059 treatment and completely inhibited after 24 hours in HCT116-COX-2 ( Fig. 4B ) and A549 cells (Fig. 4C) ; however, ATR expression was inhibited after 24 hours of treatment in both cell lines. Although 100 μmol/L of PD98059 is a relatively high concentration compared with that used in other studies, this concentration was not toxic to either the HCT116 or A549 cells in our experimental system (data not shown). To further confirm that ERK regulates ATR expression, HCT116-COX-2 and A549 cells were treated with another ERK inhibitor, U0126. U0126 completely inhibited ERK phosphorylation within 30 minutes after treatment, but inhibition of ATR expression was shown after 4 hours of treatment in HCT116-COX-2 cells (Fig. 5A , left) and A549 cells (Fig. 5A,   right) . This time sequence of inhibition of ERK phosphorylation and ATR expression suggests that ERK inhibition in COX-2-overexpressing cells down-regulates ATR expression.
Next, to further confirm that activated ERK regulates ATR transcription, HCT116-COX-2 and A549 cells were treated with PD98059 for 24 hours, and then ATR mRNA levels were measured by RT-PCR. Figure 5B shows that PD98059 completely inhibited ATR transcription in both HCT116-COX-2 cells and A549 cells. Therefore, these results further suggest that COX-2-induced ERK activation may be responsible for up-regulated ATR expression in COX-2-overexpressing cells.
HCT116-COX-2 Cells Show Elevated Chk1 and p53 Phosphorylation Dependent on ERK Activity
Currently, it is not well known whether increased ATR expression is correlated with increased ATR activity. ATR is activated by DNA damage and it initiates downstream signaling cascades through phosphorylation of its direct target molecules, including Chk1 and p53 (2, 3, 31) .
First, we examined whether HCT116-COX-2 cells induce phosphorylation of Chk1 under basal condition. HCT116-COX-2 cells showed increased phosphorylation of Chk1 compared with HCT116-Mock cells (Fig. 6A) . Next, we examined whether ERK inhibition by PD98059 had an effect on the phosphorylation of downstream effectors of ATR, Chk1, or p53. When HCT116-Mock and HCT116-COX-2 cells were treated with 100 μmol/L PD98059 for the indicated times (0, 4, 8, and 24 hours), Chk1 and p53 phosphorylation decreased to levels lower than those of the control after 24 hours of treatment (Fig. 6A) . These results indicate that COX-2-induced ERK activation may positively regulate ATR activity as well as expression, subsequently inducing phosphorylation of Chk1 and p53.
COX-2 Does Not Induce DNA Damage Response
Next, we examined whether HCT116-COX-2 cells induce DNA damage response under basal condition. When HCT116-COX-2 cells were exposed to 6 Gy IR, γ-H2AX nuclear foci were clearly seen; however, we could not detect γ-H2AX nuclear foci in unirradiated HCT116-Mock and HCT116-COX-2 cells (Fig. 6B) . We also could not detect nuclear foci of ATR in HCT116-COX-2 cells under basal condition (data not shown). These results suggest that elevated ATR in COX-2-overexpressing cells is not a result of DNA damage response induction by COX-2.
HCT116-COX-2 Cells Containing Elevated ATR Are Resistant to DNA-Damaging Stimuli
To verify whether cells in which ATR is up-regulated by COX-2 are resistant to DNA-damaging stimuli, cells were exposed to DNA-damaging agents such as IR or hydroxyurea. IR is a well-known inducer of DNA double strand break. Hydroxyurea, a competitive inhibitor of ribonucleotide reductase, blocks DNA replication, resulting in ATR activation (13, 32) . HCT116-Mock and HCT116-COX-2 cells were exposed to graded doses of IR or hydroxyurea, and then cell viability was monitored by a clonogenic assay. HCT116-COX-2 cells showed significant resistance to IR and hydroxyurea compared with control cells (Fig. 7A) .
Next, we developed ATR knocked down stable cell line using ATR shRNA and examined whether ATR is related with radioresistance in HCT116-COX-2 cells. HCT116-SC and HCT116-ATR shRNA cells were irradiated with graded doses of IR, and then cell viability was monitored. HCT116-ATR shRNA cells were shown to almost completely knock down ATR expression and were shown to have enhanced radiosensitivity compared with HCT116-SC cells (Fig. 7B, top) .
Finally, to verify whether cells in which COX-2-induced ATR is knocked down by ATR shRNA recover sensitivity to DNA-damaging stimuli, HCT116-COX-2 cells were transfected with ATR shRNA. HCT116-COX-2-SC and HCT116-ATR shRNA cells were exposed to graded doses of IR or hydroxyurea and then cell viability was monitored by a clonogenic assay. HCT116-COX-2-ATR shRNA cells showed ∼50% decreased ATR expressions and were significantly sensitive to IR and hydroxyurea compared with COX-2-overexpressing control cells (Fig. 7B, bottom) . These results suggest that COX-2 may induce resistance to IR or other DNAdamaging agents through ATR induction.
Discussion
Interestingly, colon cancer cells (HCT116-COX-2) that overexpressed COX-2 showed up-regulated ATR kinase expression compared with their controls (Fig. 1) . We also found that COX-2-overexpressing lung cancer cells (H460-COX-2) showed up-regulated ATR expression. In contrast, COX-2 knockdown cells (AS) showed suppressed ATR kinase expression. These observations suggest that COX-2 positively regulates ATR expression and that this may be a general phenomenon in most cancer cells because similar results were shown in two different types of COX-2-overexpressing cancer cells and a COX-2 knockdown cancer cell line.
Activated ATR does not seem to be modified by phosphorylation, other covalent modifications, or oligomerization (2, 3, 13, 31). Therefore, it has been difficult to detect increase in ATR kinase activity under genotoxic stress conditions. For this reason, ATR kinase activity has been measured by phosphorylation of its substrates, including Chk1 and p53 (2, 3) . Interestingly, we found that COX-2-overexpressing cells have increased phosphorylation of Chk1 and p53 under basal condition, and we therefore concluded that COX-2 also increases ATR activity as well as expression.
Chk1 is a serine/threonine kinase and is a direct target molecule of ATR kinase (5, 33 and fidelity of cell cycle transition by regulating the cdc 25A protein phosphatase. Similar to ATR, loss of Chk1 function results not only in mouse embryonic lethality at the developmental early stage but also causes cells to bypass the DNA damage and DNA replication checkpoints (33, 35) . p53 is also very well known to be important to maintain cell cycle fidelity, and ATR phosphorylates p53 at Ser 15 and Ser 37 (32, 36) . These data indicate that ATR, Chk1, and p53 are crucial for maintaining genomic integrity via regulation of the cell cycle in normal cells and in cells with damaged DNA. Therefore, our observations that COX-2 enhances the activity of ATR and its substrates, including Chk1 and p53, may be important to understand the various roles of COX-2 in cells. In addition, it may serve as an underlying mechanism for our previous observations that COX-2-overexpressing cells showed prolonged IR-induced G 2 arrest (29) . Prolongation of G 2 arrest after IR has been reported in AT cells and is known as "G 2 accumulation" (37) . This phenomenon has been reported to occur due to overactivated ATR/Chk1 pathway in irradiated AT cells (6) . Therefore, prolongation of IR-induced G 2 arrest in COX-2-overexpressing cells may be due to upregulated ATR by COX-2. However, further study is needed to confirm whether ATR induces prolongation of IR-induced G 2 arrest.
We cannot rule out the possibility that overexpressed COX-2 may up-regulate ATR expression by causing a DNA-damaging condition. Soutoglou and Misteli also reported that prolonged binding of DNA repair factors to chromatin can elicit the DNA damage response in the absence of DNA damage (38) . However, we found that unirradiated HCT116-COX-2 cells did not show γ-H2AX nuclear foci as well as control cells. In addition, COX-2-overexpressing cells showed higher basal levels of phosphorylated ERK compared with their COX-2 low-expressing counterpart, and this ATR overexpression and elevated phosphorylation of Chk1 and p53 were suppressed when cells were treated with inhibitors for ERK. These results suggest that COX-2-induced ATR up-regulation may be mediated by the ERK pathway and not by the DNA damage response. Our results are supported by several articles that have shown that mitogen-activated protein kinases, including ERK, p38, and c-Jun-NH 2 -kinase, play important roles in the were exposed to 6-Gy IR and were then stained with γ-H2AX-specific a n t i b o d i e s ( t o p ) . U n d a m a g e d HCT116-Mock and HCT116-COX-2 cells were stained with γ-H2AX-specific antibodies and followed by Alexa 594 secondary anti-rabbit IgG staining (bottom). The images were taken with confocal microscopy as described in Materials and Methods.
DNA damage checkpoint pathways, and especially, activated ERK regulates ATR activity (18, 30, 39, 40) . Several reports have suggested that ERK activity regulates COX-2 expression and PD98059 inhibits cytokine or antitumor agent-induced COX-2 expression (41, 42) . However, in this study, we found that COX-2 also up-regulates ERK phosphorylation and that activated ERK regulates ATR activity by increasing ATR expression. We also found that the COX-2-induced ERK activation is mediated by PGE 2 . Krysan et al. also reported that PGE 2 increased ERK phosphorylation (16) ; this supports our results. These findings suggest that COX-2 and ERK activation may be regulated by cross-talk.
We observed that exogenously administered PGE 2 up-regulated ATR transcription and this result indicates that COX-2 induces ERK activation via PGE 2 and this activated ERK then increases ATR expression and activity at the transcriptional level. As a result, we propose that COX-2→ERK→ATR signaling pathway is constantly activated in COX-2-overexpressing cancer cells without genotoxic stresses.
We found that HCT116-COX-2 cells were resistant to IR and hydroxyurea, but HCT116-ATR shRNA cells were more sensitive to DNA-damaging agents than mock cells (Fig. 7) . According to a report by Nghiem et al., ATR-WT (wild-type) overexpression may significantly increase cell survival after 
A. HCT116-Mock and HCT116-COX-2 cells
were irradiated with graded doses (0, 3, and 6 Gy) of γ-rays or were incubated with hydroxyurea at indicated concentrations (0, 50, 100, 250, and 500 μmol/L). B. HCT116-SC and HCT116-ATR shRNA cells were irradiated with graded doses (0, 2, 4, and 6 Gy) of γ-rays (top). HCT116-COX-2-SC and HCT116-ATR shRNA cells were incubated with hydroxyurea at the indicated concentrations (0, 50, 100, and 250 μmol/L; bottom). The levels of knocked down ATR protein were analyzed by Western blotting, and survival of treated cells was determined using the clonogenic assay as described in Materials and Methods. Error bars were calculated as SE through the pooling of the results of three independent experiments.
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Mol Cancer Res 2009;7(7). July 2009 γ-irradiation compared with control cells (Fig. 2Cin ref. 36 ). These data support our finding that COX-2-overexpressing cells were resistant to DNA-damaging stimuli and it may be possible through ATR up-regulation. However, we still need to investigate whether COX-2-induced ATR up-regulation directly resists DNA-damaging agents or whether this phenomenon is mediated by other indirect regulation originated from COX-2.
In conclusion, we report for the first time that COX-2 upregulates ATR expression and activity and that this up-regulation is mediated by ERK activation by COX-2-induced PGE 2 production. Therefore, we suggest that COX-2-overexpressing cancer cells may be resistant to DNA-damaging stimuli, including IR and hydroxyurea by ATR up-regulation. Our results may aid in developing a new therapeutic target that can recover resistance to DNA-damaging agents through limiting ATR expression in COX-2-overexpressing cancer cells.
Materials and Methods
Materials
Celecoxib, a specific COX-2 inhibitor, was provided by Pfizer, Inc. PGE 2 was purchased from Cayman Chemicals. PD98059, U0126, actinomycin D, and hydroxyurea were purchased from Sigma.
Cell Culture and Reagent Treatment
HCT116 colon adenocarcinoma cells, NCI-H460 large-cell lung carcinoma cells, and A549 lung adenocarcinoma cells were purchased from the American Type Culture Collection. MOR-P lung cancer cells were kindly provided by Dr. Zhu (The University of Sheffield, Sheffield, United Kingdom). Stable COX-2-overexpressing cell lines (HCT116-COX-2 and H460-COX-2) and their mock-transfected control cells (HCT116-Mock and H460-Mock) were developed from HCT116 and NCI-H460 cells as described previously (43) . COX-2 knockdown A549 cells (AS) and their mock control cells (AN) were also developed using COX-2 shRNA as previously described (29) . HCT116-Mock/HCT116-COX-2 cells, H460-Mock/H460-COX-2 cells, A549, AN, AS, and MOP-R cells were cultured in RPMI 1640 (Hyclone) containing 10% fetal bovine serum (Life Technologies), 50 units/mL penicillin (Life Technologies), 50 μg/mL streptomycin (Life Technologies), 2 mmol/L L-glutamine (Life Technologies) at 37°C in an atmosphere of 5% CO 2 and 95% air. HCT116/H460-Mock and HCT116-COX-2 stable cells were incubated in a medium containing 100 μg/mL hygromycin B (Invitrogen) for 1 wk. were grown to 80% confluence in 75-cm 2 T-flasks up to 3 to 4 passages. Cells were treated with drugs (celecoxib, PGE 2 , PD98059, U0126, and hydroxyurea) for the indicated times (0, 4, 8, and 24 h) and then harvested after washing twice with icecold PBS. Celecoxib, PGE 2 , and PD98059 were solved with DMSO and final DMSO concentration in culture medium was maintained below 0.1%. A vehicle containing 0.1% DMSO was not toxic to the tested cells.
Confocal Microscopy
For immunofluorescence studies, HCT116-Mock and HCT116-COX-2 cells were grown on coverslips for 24 h, gently rinsed in 1× HBSS, and fixed with 4% paraformaldehyde in HBSS for 30 min at room temperature (44) . After washing with HBSS, the cells were permeablized by incubating them with 0.1% Triton X-100 in HBSS for 30 min at room temperature. Nonspecific protein absorption was inhibited by incubation of the cells for 30 min in HBSS containing 3% bovine serum albumin, 0.2% Tween 20, and 0.2% gelatin. Cells were incubated with ATR (Calbiochem), COX-2 (BD Transduction), and γ-H2AX-specific antibodies (Upstate) diluted at 1:50 in HBSS containing 1% sucrose and 1% bovine serum albumin overnight at 4°C. After three washes with HBSS, cells were incubated for 2 h with Alexa 488 anti-mouse IgG for COX-2 (Molecular Probes) and Alexa 594 anti-rabbit IgG for ATR and γ-H2AX (Molecular Probes) diluted at 1:100, and subsequently washed with HBSS. DNA was stained with 4′,6-diamidino-2-phenylindole for 7 min at room temperature. The images were taken with confocal microscopy (Carl Zeiss).
Western Blot Analysis
Cells were lysed on ice with lysis buffer [10 mmol/L Tris-Cl (pH 8.0), 100 mmol/L NaCl, 1% Triton X-100, and 1 mmol/L EDTA] containing 10 μg/mL aprotinin, 10 μg/mL leupeptin, 1 μg/mL pepstatin, 100 μg/mL phenylmethylsulfonyl fluoride, 10 mmol/L NaF, and 10 mmol/L Na 3 VO 4 for 15 min. The protein concentration of the cell lysate was measured by the Bradford assay (Bio-Rad Laboratories). Proteins (30 μg) were separated by SDS-PAGE under reducing conditions, transferred to polyvinylidene difluoride membranes, and probed with the following antibodies: a monoclonal antibody to COX-2, a polyclonal antibody to ATR (Santa Cruz Biotechnology), a monoclonal antibody to phospho-Chk1 (Ser 345 ), a polyclonal antibody to phospho-p53 (Ser 15 ; Cell Signaling Technology), a polyclonal antibody to ERK, and a polyclonal antibody to phospho-ERK (Cell Signaling Technology). The protein-antibody complexes were visualized with horseradish peroxidase-conjugated secondary antibody (Cell Signaling Technology) for 1 h at a 1:5,000 dilution. The blots were incubated for 3 min in an ECL plus kit (GE Healthcare) and exposed to an X-ray film (AGFA). The membranes were also reprobed with a monoclonal β-actin antibody (Sigma) to normalize loading differences between the samples. All experiments were done at least in triplicate.
Reverse Transcription-PCR
Total cellular RNA was extracted with TRIzol (Invitrogen) according to the manufacturer's instructions. Total RNA (2 μg) was reverse transcribed for 1 h at 42°C in a reaction mixture (Clontech) that contained 1 mmol/L deoxynucleotide triphosphate, 2.5 μmol/L oligo(dT) 18 , 8 mmol/L DTT, 0.4 mg/mL bovine serum albumin, 1× reverse transcriptase buffer, and 1 μg powerscript reverse transcriptase. We conducted PCR using primers (forward primer 5′-AAACTGACTCTCAGCCAACCTC-3′ and reverse primer 5′-GCATACTCATCAACTGCAAAGG-3′) for ATR in a PCR machine (GeneAmp PCR System 9700, Applied Biosystems). Cycling conditions consisted of 25 cycles, each cycle with a 30-s denaturation step at 95°C, followed by a 30-s annealing step at 55°C, and finally a 30-s extension step at 72°C. Glyceraldehyde-3-phosphate dehydrogenase was used as an internal control (forward primer 5′-CAGGGCTGCTTTTAACTCTG-3′ and reverse primer 3′-GTCATGAGTCCTTCCACGATAC-5′).
Development of ATR Knocked Down HCT116 Stable Cell Line
The HCT116 colon cancer cells were transfected with pLKO.1 vector containing scramble sequences or ATR shRNA sequences (Open Biosystem) using FuGENE HD (Roche) for 72 h at 37°C. After transfected cells were selected with puromycin (0.2 μg/mL) for ∼2 wk according to the manufacturer-provided protocol, we developed HCT116-SC and HCT116-ATR shRNA stable cell lines, and the level of knocked down ATR was detected by Western blotting.
In vitro Clonogenic Assay
For the radiation survival experiment, cells were serially diluted to the appropriate numbers and plated out in triplicate per data point into 100-mm dishes. The cells were incubated for 24 h at 37°C to allow attachment. Cells were irradiated with graded doses (0, 3, 6 Gy or 0, 2, 4, 6 Gy) of γ-rays using the Gammacell 3000 Elan system (MDS Nordion, Inc.). After an additional 72 h, the medium was changed and the cells were then maintained at 37°C for 6 d to allow for the formation of colonies. They were then stained with 0.5% crystal violet (Sigma) in absolute methanol to assess cell viability. The colonies were counted visually with a cutoff value of 50 viable cells. The surviving fraction was then calculated as described previously (29) .
Statistical Analysis
Quantification of RT-PCR was done using Multi Gauge V3.0 (Fuji Photo Film Co.) program. The data were analyzed by Student's t test to compare the two groups and then expressed as mean ± SD. Data from the clonogenic assay were also calculated as ±SE via the pooling of the results of three independent experiments. A P value of <0.05 was considered to be statistically significant.
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